We prepared various LiNi 0.8 Co 0.15 Al 0.05 O 2 -LiFePO 4 mixed-cathode electrodes by changing the content of LiNi 0.8 Co 0.15 Al 0.05 O 2 and LiFePO 4 used, and we analyzed the electrochemical characteristics of the cathodes. We found that the reversible specific capacity of the cathodes increased and that the capacity retention ratios of the cathodes decreased during cycling as the content of LiNi 0.8 Co 0.15 Al 0.05 O 2 increased. Conversely, we found that although the reversible specific capacity of the cathodes decreased because of the material composition, the cycle property of the cathodes increased when the LiFePO 4 content increased. We analyzed the thermal stability of the LiNi 0.8 Co 0.15 Al 0.05 O 2 -LiFePO 4 mixed-material cathodes by differential scanning calorimetry and found that it increased as the LiFePO 4 content increased.
Introduction
Numerous cathode materials have been developed for lithium-ion batteries to improve battery performance. The most widely used commercial cathode material for lithium-ion batteries is LiCoO 2 because it is easy to produce and is stable during electrochemical cycling. Much current research is focused on replacing LiCoO 2 with safer alternatives by developing nontoxic, higher-capacity, lower-cost cathode materials. LiNiO 2 is superior to LiCoO 2 because of its lower cost and higher specific capacity 1) ; however, its thermal instability and poor cycling reversibility prevent its practical use as a cathode material. LiNi 0.8 Co 0.15 Al 0.05 O 2 is a promising cathode material because of its improved stability and electrochemical performance from substitution of Co and Al for Ni in LiNiO 2 . [2] [3] [4] [5] Since the ionic radii of Co 3+ and Al 3+ are smaller than the ionic radius of Ni 3+ , substituting these ions for Ni 3+ results in shrinkage of the a-axis, which is believed to help stabilize the layered structure. 6) Although the high capacity of this material is very advantageous, a critical drawback is its structural instability in a highly oxidized state, as was previously confirmed by differential scanning calorimetry (DSC). 7) Lithium iron phosphate (LiFePO 4 ), on the other hand, is a promising cathode material for use in lithium rechargeable batteries. It has many advantages over conventional cathode materials, such as LiCoO 2 , LiNiO 2 , and LiMn 2 O 4 : It is environmentally benign, inexpensive, and thermally stable when fully charged. 8, 9) Moreover, LiFePO 4 has excellent thermal safety because of the strong covalent bond properties of PO 4 , making it highly suitable for manufacturing electric vehicle (EV) batteries. 10, 11) Therefore, It can obtain both high capacity and safety of mixed electrode from LiNi 0.8 Co 0.15 Al 0.05 O 2 and LiFePO 4 , respectively. In this paper we have confirmed electrochemical performance and behavior of † thermal stability of LiNi 0.8 Co 0.15 Al 0.05 O 2 -LiFePO 4 mixed electrode by blending ratio.
Experimental
The LiNi 0.8 Co 0.15 Al 0.05 O 2 -LiFePO 4 mixed-material cathodes were prepared and their electrochemical properties were measured at a high cut-off voltage. First, the materials were prepared by blending LiNi 0.8 Co 0.15 Al 0.05 O 2 (ECOPRO) and LiFePO 4 (Deajung E.M.) in 100:0, 75:25, 50:50, 25:75, and 0:100 wt% ratios. The respective electrode compositions and notations are listed in Table 1 .
X-ray diffraction (XRD) analysis was performed using an X-pert PW3830 (Philips Co.) to observe the crystal structure and any impurities in the synthesized active materials. The Cu Ká line was used under 40 kV and 30 mA conditions, with a 0.04 o /s scan speed and a 10-70 o (2θ) scan range. In addition, field emission scanning electron microscopy (FE-SEM, S-4800, Hitachi Co.) analysis was conducted to measure the particle size and surface morphology of the materials. Before the XRD analysis, Os was coated onto the surface of the specimens to enhance their electrical conductivity.
The active materials (LiNi 0.8 Co 0.15 Al 0.05 O 2 -LiFePO 4 ), a conducting agent (Super-P conductive carbon black), and a binder (polyvinylidene fluoride (PVDF)) were dissolved in N-methyl-2-pyrrolidone (NMP) in a 70:20:10 wt% ratio to obtain a slurry so that the electrochemical properties of the synthesized active materials could be measured. The slurry was then coated onto aluminum foil and dried for 12 hours at 100 o C. The cathode electrodes were then prepared by pressing the coated aluminum foil with a hot-roll press at 110 o C. A lithium anode, a separator (Celguard 3501), and a cathode electrode were then laminated for assembly into coin cells (CR2032 type). Ethylene carbonate (EC) and dimethyl ethyl carbonate (DEC) were mixed in a 1:1 volumetric ratio, and dissolved LiPF 6 was used as the electrolyte.
The electrochemical properties of the synthesized LiNi 0.8 Co 0.15 Al 0.05 O 2 -LiFePO 4 cathode materials were measured using a battery cycler (TOCAT-3100, TOYO System). The materials were charged and discharged over a 2.0-4.3 V range by the constant-current, constant-voltage (CCCV) charging method. Rate capability was evaluated at current rates 0.1, 0.2, 0.5, 1.0, 3.0, 5.0, 10, and 20 C. The cycling performance of the synthesized LiNi 0.8 Co 0.15 Al 0.05 O 2 -LiFePO 4 materials were also tested at 0.5 C. The electrodes were fully charged at 4.3 V, and DSC (Q1000, TA instruments, USA) was performed to measure the thermal stability of the LiNi 0.8 Co 0.15 Al 0.05 O 2 -LiFePO 4 mixed cathode electrodes. Electrochemical impedance spectroscopy (EIS) was measured for the discharged cells by using an IM6 system (ZAHNER, Germany). The frequency range was measured in the 1 Hz-1 MHz range, and the amplitude was measured in increments of 10 mV. (Fig. 2(a) ) and LiFePO 4 ( Fig. 2(b) ) particles. The 100 wt% LFP particles are less than 500 nm and are a mixture of Fig. 3 shows the discharge curve corresponding to the discharge current of the battery using only 100 wt% NCA. The discharge capacity decreases gradually from its initial value of approximately 206.8 mAhg −1 to 192.3, 187.5, 175.8, and 172 mAhg −1 , corresponding to 0.5, 1.0, 3.0, and 5.0 C increases in the current ratio.
Results and Discussion
This represents a decrease in voltage, corresponding to increased inner resistance because the Li ions cannot move in response to increased discharge current. However, even at the 20 C rate, this battery has an excellent 145 mAhg −1 rate and a 70% capacity retention ratio compared with its initial discharge capacity, as shown in Fig. 3 . Fig. 4 is a graph showing the rate characteristics of the 100 wt% LFP cathode. The discharge capacity decreases gradually from its initial value of approximately 157.4 mAhg −1 to 153.9, 152, 142.9, and 136.1 mAhg −1 , corresponding to 0.5, 1.0, 3.0, and 5.0 C increases in the current ratio. Moreover, even at the 10 C rate exhibited a 116.9 mAhg −1 rate characteristic and a 74.3% capacity retention ratio compared with its initial discharge capacity. Fig. 5 shows the initial discharge capacity profiles of the mixed-cathode materials produced with different compositions of LiNi 0.8 Co 0.15 Al 0.05 O 2 and LiFePO 4 . As shown in the figure, the greater the NCA content in the mixed-material cathode composition, the greater the reversible specific capacity becomes, and it decreases as NCA content decreases. The discharge profiles for the mixed-material cathodes all show similar behavior. Further, the plateau area of the profile for LiFePO 4 shows stable positive power characteristics in the relatively low-voltage zone around 3.4 V. Fig. 6 is a graph showing the rate characteristics of the 50 wt% NCA mixed cathode material battery. The discharging capacities decreased to 176.2, 170.9, 159.6, and 151.6 mAhg −1 from an initial value of approximately 182.9 mAhg −1 , corresponding to 0.5, 1.0, 3.0, and 5.0 C increases in current ratio. The plateau area in the profile of LiFePO 4 is also in the relatively low-voltage zone around 3.4 V. Further, this exhibited a 139 mAhg −1 rate characteristic, even at the Fig. 7 is a graph showing the DSC results for the thermal-stability analysis of the mixed-cathode materials with different LiNi 0.8 Co 0.15 Al 0.05 O 2 and LiFePO 4 contents. The results for the 100 wt% NCA material show an exothermic peak from approximately 208.5 to 233.56 o C with a 163.8 Jg −1 total heating value. The results for the 75 wt% and 50 wt% NCA materials, show total heating values of approximately 60.47 Jg −1 and 53.69 Jg −1 , respectively. As the LiFePO 4 content in the material increases, the total heating value decreases significantly. This might come from the structural and thermal stability of LiFePO 4 .
We then measured the impedance characteristics of the mixed-material cathodes, fully discharged to 2.0 V. Fig. 8 shows the results of the impedance measurements for the mixed-material cathodes. The graph is composed of a semicircular area at high frequency and a curve at low frequency. The semicircle is probably due to resistance of the active material inside and on the interfaces of the electrodes, and the curve is due to diffused resistance of Li ions in the electrolyte. The higher the LiNi 0.8 Co 0.15 Al 0.05 O 2 content, the lower the resistance becomes; and the charge-transfer resistance increases as the LiFePO 4 content increases. A sudden increase in resistance was observed for the 100 wt% LFP cathode. Fig. 9 is a graph comparing the cycle performance of the mixed-material cathodes produced with different LiNi 0.8 Co 0.15 Al 0.05 O 2 and LiFePO 4 contents. The cathodes were cycled 50 times at 0.5 C after cycling them 5 times at 0.1 C. The initial discharge capacity of the electrode was approximately 205.8 mAhg −1 , and that after charging and discharging 50 times was approximately 178.5 mAhg −1 , yielding an 86.7% capacity retention rate. Initially, the discharge capacity of the mixed-material cathodes increased as the LiNi 0.8 Co 0.15 Al 0.05 O 2 content increased, but after 50 cycles, it increased more in correlation with the increase in LiFePO 4 content. This might be the result of structural stability because of minimal movement in the ionic lattice during cycling, which is characteristic of the LiFePO 4 olivine structure.
As listed in Table 2 , when ratio of LiFePO 4 increases, the capacity retention ratio increases from about 86.8 to 90.1% after 50 cycles.
Conclusions
We produced LiNi 0.8 Co 0.15 Al 0.05 O 2 -LiFePO 4 mixedmaterial cathodes by changing the content of the LiNi 0.8 Co 0.15 Al 0.05 O 2 and LiFePO 4 used, and we analyzed the electrochemical characteristics of the cathodes. We found that the reversible specific capacity of the cathodes increased and that the capacity retention ratio of the cathodes decreased during cycling as the content of LiNi 0.8 Co 0.15 Al 0.05 O 2 increased. Conversely, we found that although the reversible specific capacity of the cathodes decreased because of the material composition, the cycle property of the cathodes increased when the LiFePO 4 content increased. The excellent cycle property of the mixed-material cathodes might be the result of the stable olivine structure of LiFePO 4 because of minimal movement in the ionic lattice during cycling.
We analyzed t he t hermal st abil ity of t he LiNi 0.8 Co 0.15 Al 0.05 O 2 -LiFePO 4 mixed-material cathodes by DSC and found that it increased because of a decrease in the total heating value corresponding to an increase in the LiFePO 4 content. 
